Introduction
Reactive oxygen species (ROSs) derived from O2 -• , e.g., hydroxyl radicals ( • OH) and hydrogen peroxide (H2O2), are believed to be essential for normal cellular growth and homeostasis. 1 However, excess ROSs can result in oxidative stress conditions, which can cause various diseases such as cancer, arteriosclerosis, and inflammation in living organisms owing to strong radical toxicity. [2] [3] [4] [5] Therefore, in vivo measurement of O2 -• concentration is very important for establishing the relationship between O2 -• and various diseases. The development of rapid or real-time in vivo O2 -• sensing is especially desired for this purpose. Nitric oxide (NO), which is a kind of reactive nitrogen species (RNS), has recently been found to act as an endothelium-derived relaxing factor (EDRF), and thus is a physiologically active substance essential to the living body. However, excess levels of NO can cause tissue disorders. Furthermore, O2 -• and NO react easily to produce peroxynitrite (ONOO -), which causes higher levels of oxidative damage than those caused by ROSs. 6 In addition, it has been reported that • OH is produced by ONOO -. 7 Reactions between radicals, such as NO and O2 -• , play important roles in the physiological functions of the living body, including outbreak and exacerbation mechanisms for many diseases. 6 Therefore, the effects of O2 -• and NO have attracted considerable research attention in the fields of pathologic physiology, clinical medicine, and biochemistry. Furthermore, in vivo determination of O2 -• and NO could be very important for understanding the relationships between these reactive species and various clinical conditions.
For O2 -• detection, absorption spectrophotometry, such as the cytochrome c reduction method, the nitroblue tetrazolium (NBT) reduction method, chemiluminescence, and electron spin resonance (ESR) methods (including the luminol method), are commonly employed. [8] [9] [10] However, these methods are not suitable for in vivo and real-time O2 -• determination. 11 Conversely, several electrochemical methods using electrodes modified with superoxide dismutase (SOD) and cytochrome c have been shown to be useful for real-time detection. [12] [13] [14] For NO detection, the chemiluminescence method, the Griess method, and ESR methods are conventionally employed. ) and nitric oxide (NO). The reactive oxygen/nitrogen species sensor was fabricated by surface modification of an electrode with polymerized iron tetrakis(3-thienyl)porphyrin (FeT3ThP), and it can detect either O2 -• or NO by switching the applied potential. Furthermore, we fabricated a sensor with improved selectivity by coating a Nafion ® film onto the poly(FeT3ThP)-modified electrode. An interference current caused by NO2 -was seen for the poly(FeT3ThP)-modified electrode, while the interference current was significantly reduced at the Nafion ® /poly(FeT3ThP)-modified electrode, leading to improved selectivity for NO detection. The current response at the Nafion ® /poly( NO determination. In addition, the chemiluminescence method requires a gaseous NO sample, and the ESR method requires a toxic trap reagent. [15] [16] [17] Regarding the electrochemical detection of NO, an electrode modified with a polymer or a Nafion ® film on a carbon fiber electrode has been employed for its quantitative analysis. 18 Since these electrodes can only detect NO, it is insufficient to clarify the relationship between ROS and various disease states.
A Reactive
In order to obtain a stable O2 -• sensing system for long-term use, we have developed electrodes modified with an iron porphyrin complex, which is the active center of cytochrome c, as an electrocatalyst. 19 The O2 -• sensor was fabricated by the electropolymerization of FeT3ThP on a glassy carbon electrode (GCE), and in vivo quantitative measurement of O2 -• was successful using this electrode. [19] [20] [21] We also investigated the electrochemical detection of NO as an outbreak factor of various diseases using the poly(FeT3ThP)-modified (FePor-modified) electrode, thus validating our device as an ROS/RNS sensor. In addition, the electrode surface of the sensor was coated with a polymer electrolyte membrane to improve its selectivity for NO detection.
Experimental

Preparation of the FePor-modified electrode
FePor was synthesized by the procedure described in our previous report. 19, 20 Briefly, a 0.1 M solution of tetrabutylammonium perchlorate (TBAP) in dichloromethane containing 50 mM FeT3ThP and 250 mM 1-methyl imidazole as an axial ligand for the porphyrin was prepared as a monomer solution for electropolymerization. FePor was formed on a plastic formed carbon (PFC) working electrode (0.3 mm in diameter) of an integrated electrode, which consisted of the PFC electrode coated with an insulating cellulose layer on the side, which was placed in a 18-G stainless steel needle counter electrode. Electropolymerization was performed in a two-chamber threeelectrode electrochemical cell with a stainless steel (SUS 304) electrode and Ag/Ag + electrodes as the counter and reference electrodes, respectively, by potential cycling from 0 to +2.0 V vs. Ag/Ag + at a potential sweep rate of 50 mV s -1 using a potentiostat (HZ-5000, Hokuto Denko). [19] [20] [21] After rinsing with dichloromethane, the FePor-modified electrode was obtained.
Electrochemical detection of O2 -• and NO For the O2
-• detection test, a xanthine (XAN)/xanthine oxidase (XOD) system was used for in situ O2 -• generation. [19] [20] [21] XAN and XOD were purchased from Wako and Sigma-Aldrich, respectively. A 0.1 mM XAN-containing 0.15 M phosphate buffered saline (PBS) mixture was pumped through an electrochemical flow cell at a flow rate of 1.0 mL min -1 , and the amperometric current was recorded with a two-electrode system at a potential of +0.5 V vs. stainless steel (SUS 304). 21 After the background current became constant, an XOD-containing PBS solution (0, 5, 10, 20, or 50 mU mL 
For the NO detection test, S-nitroso-N-acetyl-DL-penicillamine (SNAP, Sigma-Aldrich), which is known to be a NO donor, was used for in situ NO generation. SNAP is decomposed thermally or by ultraviolet light according to first-order kinetics. It has been reported that 100 μM SNAP generates NO at a rate of 1.4 μM/min at 37 C. 22 Linear sweep voltammetry (LSV) was performed with a three-electrode system at a potential of +0.8 to +1.2 V vs. Ag/AgCl in 0.5 mM SNAP-containing 0.15 M PBS at 37 C. PBS (0.15 M) was pumped to an electrochemical flow cell at a flow rate of 1 mL min -1 , and the amperometric current was recorded with a three-electrode system with a stainless steel (SUS304) electrode and a Ag/AgCl electrode as the counter and reference electrodes, respectively, at a potential of +0.8 V vs. Ag/AgCl (Fig. 1) . After the background current became constant, a SNAP-containing PBS solution (0, 0.5, 1, 5, or 10 μM) was added to the PBS solution at 37 C to generate a certain concentration of NO. The calibration curve was prepared from the average value of data for five measurements.
2R-S-N=O →
Furthermore, in order to confirm the electrochemical detection of NO, a trapping test was performed using hemoglobin (Wako) as a NO trapping agent. 23, 24 SNAP (10 μM) and 100 μM hemoglobin-containing 0.15 M PBS were pumped into an electrochemical flow cell at a flow rate of 1 mL min -1 , and the amperometric current was recorded with the three-electrode system at a potential of +0.8 V vs. Ag/AgCl.
In this study, NO detection was performed with a threeelectrode system to evaluate the oxidation potential. O2 -• detection was measured with a two-electrode system, as established in our previous report. 21 The rest potential of the stainless steel electrode in this system was -35 mV vs. Ag/AgCl.
Preparation of the Nafion ® /FePor-modified electrode
In order to minimize the current caused by possible interfering substances (NO2 -and NO3 -), a Nafion ® (Aldrich) film was coated onto the FePor-modified electrode surface. [26] [27] [28] The Nafion ® film was formed by the immersion of the FePormodified electrode in a 2-propanol solution of Nafion ® twice for 5 s, followed by drying for 1 h at room temperature. The solution concentration range was set to 0 -3 wt%. The optimum conditions for the Nafion ® film coating were investigated by performing an interfering substance test. Sodium nitrite (NaNO2) and sodium nitrate (NaNO3) solutions were used as sources of NO2 -and NO3 -, respectively. Similarly to the NO detection test, the amperometric current was recorded with a three-electrode system at a potential of +0.8 V vs. Ag/AgCl. After a steady-state current was observed, current response to the addition of the sodium nitrite or sodium nitrate solution at a final concentration of 100 μM was recorded. For the interfering substance test, a 1-mm diameter disk electrode was employed. The redox activity of the iron porphyrin complex in the Nafion ® / FePor-modified electrode was evaluated by differential pulse voltammetry (DPV) in 0.15 M PBS. The Nafion ® coating was confirmed by X-ray photoelectron spectroscopy (XPS, Axis Nova, Kratos).
Results and Discussion
O2 -• and NO detection at FePor-modified electrode
Fabrication of the FePor-modified electrode was confirmed by DPV in PBS. A voltammetric peak is observed for the Fe(II)/ Fe(III) redox reaction at around +0.1 V vs. Ag/AgCl (Fig. 2) , indicating the presence of iron porphyrins, as described in our previous reports. 19, 20 Electrochemical detection of O2 -• at the FePor-modified electrode sensor was investigated using a XAN/XOD system for in situ O2 -• generation. The amperometric current response (∆I) increases as the XOD concentration, and thus the O2 -• concentration, increases (Fig. 3) . The calibration curve (∆I vs. (Fig. S1) . 21, 25 This result is consistent with our former reports on O2 -• detection at FePormodified electrodes. 19, 20 Electrochemical detection of NO at the FePor-modified electrode sensor was investigated using an in situ NO generation system based on SNAP. LSV recorded in the SNAP-containing PBS solution presents an anodic peak at ca. +1.0 V vs. Ag/AgCl (Fig. 4) , which is assigned to the oxidation of NO. 26 For the flow injection experiment, the amperometric current response (∆I) increases with the SNAP concentration (Fig. 5a ). The calibration curve (∆I vs. [NO (SNAP)]) shows a linear relationship in the NO (SNAP) concentration range of 0.5 -10 μM, indicating successful detection of NO at the FePormodified electrode (Fig. 5b) . 27 In order to confirm that the anodic current originates from the oxidation of NO, hemoglobin was added to the SNAP solution as a NO trapping agent. No anodic current response is obtained in the presence of 1.0 μM hemoglobin (Fig. S2) . Since NO has a higher affinity to transition metals than O2 and CO, and can be trapped by Fe(II), i.e., the center metal of hemoglobin, the concentration of free NO in the solution should decrease. 19, 20 Thus, the anodic current for the SNAP solution is attributed to the oxidation of NO.
Preparation of the Nafion
® /FePor-modified electrode An investigation into interference by nitrogen species was performed at a FePor-modified electrode (1 mm in diameter). A current increase is observed when aqueous NaNO2 (final concentration of 50 or 100 μM) is added to the PBS solution at an electrode potential of +0.8 V vs. Ag/AgCl (Fig. 6) . Conversely, no anodic current is observed when aqueous NaNO3 (final concentration of 100 μM) is added to the PBS solution (result not shown). These results indicate that NO2 -can present serious interference to NO detection at the FePor-modified electrode, while NO3 -does not interfere. In order to improve the selectivity of NO detection against possible anionic interferers including NO2 -, a Nafion ® film was coated onto the FePor-modified electrode. Nafion ® is known to be a permselective material, where diffusion of anions through its matrix is restrained by the electrostatic interactions between the anionic species and the sulfonate groups of the Nafion ® film. 26 The Nafion ® /FePor-modified electrode was prepared by immersion of the FePor-modified electrode into a Nafion ® /2-propanol solution with a concentration in the range of 0 -3 wt% for 5 s. The Nafion ® film coating was confirmed using XPS. In the wide XPS spectrum, peaks for F 1s and S 2p are observed at 689 and 169 eV, respectively. Since these elements are contained only in the Nafion ® matrix, the presence of the Nafion ® film on the FePor-modified electrode is confirmed. 23 However, the Fe 2p peak from the iron porphyrin is not seen in the spectrum. This result indicates that the Nafion ® film is coated uniformly onto the whole electrode surface.
To further investigate its properties, DPV of the Nafion ® / FePor-modified electrode was recorded in PBS. A voltammetric peak for the Fe(II)/Fe(III) redox reaction is observed at around +0.1 V vs. Ag/AgCl, indicating the presence of iron porphyrins, similar to the case of the bare FePor-modified electrode (Fig. S3) . This result indicates that the redox center of the iron porphyrin is still active after coating the top surface of the electrode with the Nafion ® film.
19, 20 Figure 7 shows the anodic current response (∆I) at a potential of +0.8 V vs. Ag/AgCl for 100 μM NO2 -at Nafion ® /FePor-modified electrodes prepared using different Nafion ® /2-propanol concentrations. The results indicate that the interference current from NO2 -is successfully mitigated by the Nafion ® film coating. The decrease in current as the Nafion ® concentration increased up to 2 wt% should be due to increase of thickness of the Nafion ® film. The best result is obtained when the Nafion ® /2-propanol concentration is 2 wt%. The increase of ∆I in the NO2 -detection for 3 wt% Nafion ® /2-propanol is thought to be due to inhomogeneous coating by the Nafion ® film on the electrode surface with uncovered region due to formation of aggregates of Nafion ® . [28] [29] [30] and NO concentration ranges 1.3 -4.1 and 0.5 -10 μM, respectively, indicating successful detection of these species at the Nafion ® /FePor-modified electrode (Fig. 8) . The sensitivities for O2 -• and NO detection at the Nafion ® /FePor-modified electrode decrease to 11 and 87%, respectively, of those at the FePor-modified electrode. However, the Nafion ® film coating is still practically useful, especially for in vivo measurements, because interference from electroactive species, such as ascorbic acid and amino acids, can be suppressed by the electrostatic interaction and molecular sieve effect of the coating. Therefore, the FePor-modified electrode is found to be useful for quantitative determination of O2 -• and NO, and its selectivity can be improved by coating with a Nafion ® film. The detection limit, defined as signal-to-noise ratio of three, where the noise of typically 0.015 nA, of O2 -• and NO was calculated to be 0.04 μM and 3 nM, respectively. These values are slightly lower than the the O2 -• and NO concentrations in human blood (0.1 -1 μM 31 and 3.4 ± 0.6 nM, 32 respectively).
Conclusions
A FePor-modified electrode was prepared by the electropolymerization of an iron porphyrin complex, and O2 -• or NO could be detected at the electrode by switching the electrode potential. O2 -• was detected at the FePor-modified electrode at an electrode potential of +0.5 V vs. stainless steel, showing a linear calibration curve in the concentration range 1.3 -4.1 μM. Conversely, NO was detected at +0.8 V vs. Ag/AgCl, and the calibration curve showed a linear relationship in the concentration range 0.5 -10 μM. NO2 -interference was found to be a serious impediment to NO detection. However, the interference current was successfully suppressed by coating the FePor-modified electrode with a Nafion ® film. The redox center of the iron porphyrin was still active at the Nafion ® /FePor-modified electrode, and both O2 -• and NO were detected at the electrode without deterioration of the linearity of the calibration curve. Therefore, the Nafion ® /FePor-modified electrode may be useful for real time determination of O2 -• and NO, especially in in vivo conditions.
